Introduction {#s0001}
============

CD73 (Cluster of Differentiation 73), also known as ecto-5\'-nucleotidase (NT5E), is a glycophosphatidylinositol-anchored receptor found on tumor cells as well as on stromal cells such as endothelial cells and certain leukocytes. This enzyme catalyzes the conversion of adenosine monophosphate (AMP) to adenosine and organic phosphate. Binding of adenosine to the extracellular portion of adenosine receptors triggers signaling through cyclic AMP to inhibit T-cell receptor activation (reviewed in ref[@cit0001]). CD73 is believed to play a role in mediating the inhibitory function of regulatory B and T lymphocytes [@cit0002] as well as in maintaining endothelial integrity (reviewed in ref.[@cit0003]).

In addition to their roles in the biology of healthy tissue, CD73 and adenosine each affect tumor biology. The presence of extracellular adenosine within the tumor microenvironment has been described as an immunosuppressive "halo" [@cit0004] surrounding the tumor and permeating the tumor microenvironment and preventing antitumor immunity. Consistent with this role for adenosine, knockout mice lacking adenosine receptors have been shown to reject tumors more readily than normal mice [@cit0005] and knockout mice lacking CD73 have increased antitumor immunity [@cit0006] and show decreased carcinogenesis [@cit0007] when compared with normal mice. Specifically, extracellular adenosine is believed to mediate the immunosuppressive effects of both regulatory T cells and myeloid-derived suppressor cells (MDSCs), among others (reviewed in ref.[@cit0008]). Recent reports showing tumor growth inhibition with adenosine receptor inhibitors [@cit0009] further support a role for adenosine in promoting tumor growth. Taken together with other studies showing that molecular inhibition of CD73 with small molecules or antibodies can inhibit tumor formation, growth, and metastasis, it has been hypothesized that tumors use CD73 to generate adenosine and, thereby, suppress antitumor immunity (reviewed in ref.[@cit0010]).

MEDI9447 is a human IgG1λ monoclonal antibody that selectively binds to and inhibits the ectonucleotidase activity of CD73. Experiments described here show the ability of MEDI9447 to reduce immunosuppression in a variety of functional settings. Together, these data offer novel insights into the role of the immune system in the control of tumor growth and further support CD73 as an attractive target for therapeutic intervention. They represent the first functional characterization *in vivo* of MEDI9447, a fully human antibody that cross reacts with both mouse and human CD73. Furthermore, these results expand upon the number of tumor microenvironment components known to be involved with adenosine-mediated immunosuppression.

Results {#s0002}
=======

MEDI9447 *is a human IgG1λ monoclonal antibody isolated by phage display containing the triple mutation (TM) in the constant region of the heavy chain to reduce IgG effector function.[@cit0013] MEDI9447 inhibition of CD73 enzymatic activity was tested in a cell-based assay.*The ability of cell surface-expressed CD73 to reduce AMP levels in cell culture supernatants showed dose-dependent inhibition with MEDI9447 but not with an irrelevant isotype control antibody as shown in [Fig. 1](#f0001){ref-type="fig"} using both human (NCI-H322, Panel A) and mouse (4T1, Panel B) non-small cell lung carcinoma and breast cell lines, respectively. In addition to inhibiting CD73 enzymatic activity, the ability of MEDI9447 to internalize CD73 upon binding was demonstrated by two methods as shown in [Fig. 2](#f0002){ref-type="fig"}. Using immunofluorescence, CD73 localization was observed to shift from cell surface staining ([Fig. 2, Panel A](#f0002){ref-type="fig"}) to an increasingly intracellular pattern over 20 h ([Fig. 2, Panels B to D](#f0002){ref-type="fig"}) of incubation at 37°C when MEDI9447 was used as the primary antibody. Similarly, internalization of CD73 resulted in cytotoxicity of human MDA-MB-231 ([Fig. 2, Panel E](#f0002){ref-type="fig"}) and mouse 4T1 ([Fig. 2, Panel F](#f0002){ref-type="fig"}) breast cancer cells when MEDI9447, but not an isotype control antibody, was incubated with these cells in the presence of a toxin-conjugated secondary antibody. Cell killing was both concentration-dependent and specific when compared to cells incubated with an isotype control antibody, R3-47. Figure 1.CD73-expressing human NCI-H322 (Panel A) or mouse 4T1 (Panel B) cells were incubated with AMP and MEDI9447 or an isotype control antibody at the indicated concentrations. Following incubation, ATP and CellTiter-Glo® were added and light emission inhibition was measured by luminometer. The mean signal of duplicate samples is plotted with error bars representing the standard deviation of the mean. Data are representative of five independent experiments. Figure 2.Internalization of CD73 upon binding by MEDI9447 was demonstrated. MDA-MB-231 human breast carcinoma cells were incubated with MEDI9447 and a fluorescently labeled anti-human IgG secondary antibody. Localization of CD73 was imaged after 2 h at 4°C (Panel A) or 37°C and again after 4 (Panel C) and 20 (Panel D) h at 37°C. Internalization of CD73 upon MEDI9447 binding was also demonstrated by measuring MDA-MB-231 (Panel E) and mouse 4T1 (Panel F) breast cancer cell viability following MEDI9447 binding in the presence of a toxin-conjugated secondary antibody. The indicated concentrations of MEDI9447 were incubated with a saporin-conjugated anti-human IgG antibody for 3 d and viability was estimated by measuring ATP levels using the Cell Titer-Glo assay kit. Data are representative of five independent experiments.

Beyond CD73 enzyme inhibition and internalization, the functional effect upon T-cell proliferation of CD73 inhibition by MEDI9447 was examined. Production of adenosine by CD73 from AMP was modeled *in vitro* using purified CD4^+^ T cells activated by TCR-signaling in the presence of AMP. T-cell proliferation was suppressed in the presence of 100 µM of extracellular AMP and this suppression was relieved by addition of MEDI9447 but not an isotype control antibody ([Fig. 3](#f0003){ref-type="fig"}). The potency of MEDI9447 was at least two orders of magnitude greater than that of Phen0203, a previously reported [@cit0014] anti-CD73 antibody---a difference which may reflect the greater than 20-fold difference in affinity for human CD73 between MEDI9447 and Phen0203 (see Fig. S2). These data suggest that binding of an anti-CD73 antibody was able to block or decrease the generation of adenosine from AMP and the subsequent inhibitory effect of adenosine on T-cell function. Figure 3.CFSE-labeled CD4^+^ T cells were pre-activated with anti-CD3 and anti-CD28 antibody-coated microbeads and recombinant human IL-2 and then transferred into sterile round-bottomed tissue culture 96 well plates at approximately 50,000 cells per well. T cell proliferation and division was suppressed by the addition of 100-µM AMP. Addition of MEDI9447 and Phen0203 human IgG1 overcame the inhibitory effect of AMP in a concentration-dependent manner. Isotype control antibody R3-47 had no effect. The average of triplicate samples is plotted and error bars represent the standard deviation. Data are representative of three independent experiment.

In an effort to examine the role of CD73 inhibition by MEDI9447 beyond that of a purified T lymphocyte system, MEDI9447 was tested in an assay context comprising additional aspects of the human immune response: the two-way mixed leukocyte reaction (MLR). As shown in Panel (A) of [Fig. 4](#f0004){ref-type="fig"}, MEDI9447 enhanced both the timing and extent of leukocyte clustering when incubated with equal proportions of peripheral blood mononuclear cells (PBMCs) from two healthy donors in a single microtiter plate well. Consistent with enhanced antigen presentation and lymphocyte activation, levels of Th1 cytokines in the supernatants of MLR wells were increased by MEDI9447. Specifically, levels of interferon-γ ([Fig. 4, Panel B](#f0004){ref-type="fig"}), interleukin 1-β ([Fig. 4, Panel C](#f0004){ref-type="fig"}), and tumor necrosis factor-α ([Fig. 4, Panel D](#f0004){ref-type="fig"}) increased with increasing levels of MEDI9447 and showed a relatively smaller increase in response to similar levels of an isotype control antibody. Similar results were observed across 50 different normal donor pairs of normal healthy PBMCs (Fig. S3). Figure 4.Equal proportions of peripheral blood mononuclear cells from two healthy donors were mixed and incubated in wells of a 96 well plate for 96 h. Panel (A) shows brightfield images were taken at 24 h intervals using a 2.5× objective. Cells were treated with 150 µg/mL of either MEDI9447 (top panel) or and isotype control antibody (bottom panel). Panels (B--D). Equal proportions of peripheral blood mononuclear cells from two healthy donors were mixed incubated in wells of a 96 well plate for 72 h. Cells were treated with the indicated concentrations of either MEDI9447 (circles) or an isotype control antibody (squares). The plate was centrifuged to pellet cells and interferon-γ (Panel B), interleukin-1 β (Panel C), and tumor necrosis factor-α (Panel D) levels in the supernatants were measured by ELISA. Data are representative of experiments involving over 50 different donor-pair combinations.

MEDI9447 antitumor activity was tested *in vivo* using the murine, Balb/c, syngeneic CT26 colon carcinoma tumor model. Test article and control groups were implanted with 5 × 10[@cit0005] CT26 cells subcutaneously on the right flank and treated intraperitoneally twice weekly for 2 weeks starting 3 d after tumor cell implantation. Data shown in [Fig. 5](#f0005){ref-type="fig"} indicate that 10 mg/kg MEDI9447 significantly (*p* \< 0.05) inhibited tumor growth by 50% or greater from study day 7 to study day 16 when compared with isotype control antibody-treated groups, which showed some tumor volume reduction compared with untreated animals. Consistent with reduced tumor growth, MEDI9447-treated tumors showed a significantly (*p* \< 0.05) larger proportion of activated CD8^+^ lymphocytes ([Fig. 5, Panel B](#f0005){ref-type="fig"}) when the phenotypes of tumor-infiltrating leukocytes (TIL) were analyzed by flow cytometry. Figure 5.(A). Murine CT26 colon carcinoma tumor cells were implanted subcutaneously then treated at 10 mg/kg with MEDI9447, or an isotype control (or untreated), by intraperitoneal injection on days 3, 6, 10, and 13 post-tumor implantation. An untreated control group was also included. The mean tumor volumes of each 10 animal group are plotted with error bars representing the standard error of the mean. Asterisks indicate a statistically significant (\**p* \< 0.05) reduction in tumor volume. (B). Tumor-infiltrating leukocytes were isolated at study day 16 and analyzed by flow cytometry. CD8^+^ T effector cells were significantly increased in the tumor following treatment with MEDI9447. Data are representative of three independent experiments.

Individual tumors in syngeneic mouse studies showed a range of responses, by volume, to antibody treatment. In order to examine potential pharmacodynamic markers of response to MEDI9447-mediated tumor growth control, TIL were isolated and studied. In an experiment similar to that shown in [Fig. 5](#f0005){ref-type="fig"}, syngeneic CT26 tumors were treated with MEDI9447 or isotype control antibodies starting 3 d after tumor cell implantation. As shown in Panel (A) of [Fig. 6](#f0006){ref-type="fig"}, individual tumors showed a range of sizes among the 10 animals treated with MEDI9447. Day 18 was chosen for tumor harvest because tumor sizes appeared to divide MEDI9447-treated animals into two subpopulations of "responder" and "non-responder" mice. Analysis of TIL revealed that as many as 70% of the cells in a given tumor treated with MEDI9447 were CD45+ leukocytes, rather than CT26 tumor cells ([Fig. 6, Panel B](#f0006){ref-type="fig"}). Based upon both tumor volume as well as the proportion of non-tumor infiltrate, each of the 10 animals treated with MEDI9447 were grouped into "responder" (six animals) and "non-responder" (four animals) subgroups for subsequent phenotypic analysis. Untreated and isotype antibody-treated tumors did not show the same range of tumor volumes and therefore could not be grouped by response. Cell surface phenotypic data shown in [Fig. 6](#f0006){ref-type="fig"} revealed MEDI9447-specific pharmacodynamic changes specific to the "responder" group across both lymphoid and myeloid tumor-infiltrating immune cell subpopulations. Specifically, the proportion of CD4^+^ ([Fig. 6, Panel C](#f0006){ref-type="fig"}) infiltrating lymphocytes was significantly (*p* \< 0.05) higher in the responsive tumors when compared with either non-responsive tumors or tumors in animals treated with an isotype control antibody or left untreated. This response was also seen in the CD8^+^ TIL fraction (data not shown; see also [Fig. 5](#f0005){ref-type="fig"}). Similarly, the proportion of CD11b, LY6g+ granulocytic monocytes was significantly reduced compared to non-responders and control-treated tumors as shown in Panel (D) of [Fig. 6](#f0006){ref-type="fig"}. Finally, both the proportion of MHC class II positive---a marker of enhanced potential for antigen presentation---macrophages ([Fig. 6, Panel E](#f0006){ref-type="fig"}) and the absolute mean fluorescent signal ([Fig. 6, Panel F](#f0006){ref-type="fig"}) were significantly higher (*p* \< 0.05) in tumors that responded to MEDI9447. Figure 6.CT26 tumor-infiltrating leukocyte analysis from individual responder (R) and non-responder (NR) mice following MEDI9447 treatment. Murine CT26 colon carcinoma tumors cells were implanted subcutaneously then treated at 10 mg/kg with MEDI9447 by intraperitoneal injection on days 3, 6, 10, and 13 post-tumor implantation. Panel (A). Tumor volumes for individual mice treated with MEDI9447. Whole tumors were removed, dissociated into single cell suspensions, and analyzed by flow cytometry. The fraction of the following subpopulations were determined: total leukocytes (CD45+, Panel B), CD4^+^ lymphocytes (Panel C), monocyte-derived suppressor cells (Panel D), major histocompatibility (MHCII, Panel E ) expressed on F480+ macrophages as well as the mean fluorescent intensity of MHC2 (Panel F). Each symbol represents the phenotype indicated in the *y* axis for individual mice. Asterisks indicate significant (*p* \< 0.05) differences between treatment arms. Data are representative of two independent experiments.

In order to compare the role of anti-CD73 with that of a checkpoint inhibitor antibody, CT26 cells were implanted into syngeneic Balb/c mice and left untreated or treated with an isotype control antibody, anti-CD73 (MEDI9447 mIgG1), anti-PD-1, or a combination of both antibodies. Tumor volumes for individual animals were plotted for individual animals up to study day 29 ([Fig. 7, Panels A--D](#f0007){ref-type="fig"}). Injection of 10-mg/kg anti-CD73 or anti-PD-1 achieved tumor rejection in only a single animal from each group of 10 mice treated ([Fig. 7, Panels B and C](#f0007){ref-type="fig"}). In contrast with single antibody injections, six out of ten mice treated with a combination of anti-CD73 and anti-PD-1 rejected their tumors. By study day 40, the proportion of surviving mice was significantly greater for mice treated with the antibody combination when compared with individual antibody treatments ([Fig. 7, Panel D](#f0007){ref-type="fig"}). In similar experiments using "established" tumor sizes of 150 mm^3^ or greater, enhanced tumor rejection from combined antibody-targeting of CD73 and PD-1 was not consistently observed (Fig. S4). However, even in the absence of additive tumor rejection, an enhanced CD8^+^ lymphocyte response to the CT26 tumor cell-specific antigen AH1 was observed upon combination with anti-CD73 and anti-PD-1 antibodies (Fig. S4, Panel C). To test whether the combination effects were reflected in human samples, MEDI9447 was combined with anti-PD-1 in MLRs identical to those described in [Fig. 4](#f0004){ref-type="fig"}. The combination of MEDI9447 and an anti-PD-1 antibody induced greater than additive levels of IFNγ and TNFα when compared with either antibody alone ([Fig. 7, Panel F](#f0007){ref-type="fig"}). Figure 7.Murine CT26 colon carcinoma tumor cells were implanted subcutaneously and then treated at 10 mg/kg, by intraperitoneal injection on days 3, 7, 10, and 14 post-tumor implantation, with isotype control antibody (Panel A, open circles), MEDI9447 (Panel A, closed circles), anti-PD-1 (Panel B, squares) antibodies or a combination of MEDI9447 and anti-PD-1 (Panel C, diamonds) antibodies. Tumor volumes for individual animals are plotted until study day 29. The proportion of surviving mice after 40 d (Panel E) and the number of tumor-free mice in each treatment arm are shown. A 72-h mixed leukocyte reaction was performed using human peripheral blood mononuclear cells in the presence of anti-PD-1, MEDI944 or a combination of each antibody. The mean levels of secreted IFNγ and TNFα from duplicate samples are plotted (Panel F). The asterisk indicates a significant (*p* \< 0.05) increase in survival. Data are representative of four independent experiments.

Discussion {#s0003}
==========

These studies contribute new insight into the role of CD73 within the tumor microenvironment and further demonstrate the potential of targeting CD73 for immunotherapy of cancer. As a small diffusible molecule, adenosine is expected to permeate the tumor microenvironment. Therefore, adenosine effects upon tumor infiltrating immune cells are expected to be as pervasive as the expression of adenosine receptors themselves. This suggests that targeting CD73 in the adenosine signaling axis may have a wider-ranging impact upon the tumor microenvironment when compared with various other immune-oncology targets. For example, immune checkpoint inhibitors such as anti-CTLA-4 or anti-PD-1 antibodies stimulate anti-tumor immunity primarily through tumor-specific lymphocytes. [@cit0015] IDO or TDO inhibitors as well as CD40 agonists are believed to enhance antigen presentation. [@cit0016] Similarly, agonists of the tissue necrosis receptor superfamily such as OX40, CD137, or GITR act primarily through lymphocyte activation and possibly through overcoming suppression by regulatory T cells. [@cit0019] In contrast to each of these specialized systems, adenosine may sculpt the antitumor immune response by multiple mechanisms. This suggests that even with pharmacologic antagonism or agonism of the various individual specialized immune regulatory or costimulatory pathways, antitumor immune control of tumor growth could still be hampered by the presence of adenosine in the tumor microenvironment. Consistent with this hypothesis, combined use of anti-CD73 [@cit0020] antibodies or A2AR inhibitors [@cit0009] has been shown to complement antitumor activity of both anti-PD-1 and anti-CTLA-4 antibodies in syngeneic tumor models. Data reported here confirm the wide-ranging role of CD73-derived adenosine on the phenotype of both lymphoid and myeloid-derived cells in shaping both the innate and adaptive arms of antitumor immunity.

The antitumor activity of MEDI9447 can reasonably be linked with its ability to inhibit conversion of AMP to adenosine using *in vitro* assay systems such as those described in this report: direct cellular enyzme inhibition, removal of CD73 from the cell surface by internalization, and relief from AMP-mediated inhibition of T cell proliferation. However, data showing tumor growth inhibition by MEDI9447 described here do not rule out a role for anti-CD73 in the various ectonucleotidase-independent activities suggested for CD73 in lymphocyte activation [@cit0021] or cancer cell adhesion and metastasis. [@cit0024] In fact, internalization of CD73 as shown here supports both enzyme-dependent and independent mechanisms of action for MEDI9447 since the removal of CD73 from the extracellular tumor microenvironment prohibits CD73 activity by any mechanism in this context. It should be noted that MEDI9447 contains a TM that reduces Fc receptor engagement [@cit0013], thus de-emphasizing the role of clustering-based lymphocyte activation by anti-CD73 antibodies described by Resta and Thompson. [@cit0021] Likewise, the version of MEDI9447 used in these mouse studies contains a murine IgG1 Fc domain, which is also expected to show limited Fcγ receptor engagement in mice. Furthermore, these data are not mutually exclusive with similar studies performed with genetic and pharmacologic adenosine receptor inhibition, notwithstanding differences between manipulation of adenosine levels as compared with global receptor inhibition. [@cit0025]

To the best of our knowledge, data presented here showing the effects of CD73 inhibition in a two-way MLR are the first of their kind. Although a similar primary lymphocyte reaction system has been reported for studying the immunosuppressive effects adenosine *in vitro*,[@cit0027] our studies include a the full array of myeloid and lymphoid cells present in primary PBMC samples. The apparent potency of MEDI9447 in the MLR was less than that observed in those experiments demonstrating relief from AMP-mediated lymphocyte proliferation. Beyond the fundamental differences in readout (CFSE vs. cytokine secretion), differences in potency could have arisen from the heterogeneous mixture of cell types present in the MLR. Changes in an MLR assay are the result of net changes arising from anti-CD73 binding upon each cellular subset present rather than upon purified CD4^+^ lymphocytes alone measured in the AMP suppression assay. In a mixed setting, it is possible that anti-CD73 could have opposing effects upon different subsets leading to an apparent net reduction in potency. The mechanism of action leading to MEDI9447 activity in the mixed leukocyte assay system could involve simple CD73 enzyme inhibition and/or from removal of the enzyme from the surface of leukocytes through internalization. Attempts to consistently demonstrate trends in leukocyte CD73 internalization were hampered by differences in CD73 expression both within and between MLR cellular subsets. MLR data presented here are important for at least three reasons. First, these data are consistent with the pervasive role believed to be played by adenosine in the immune system. [@cit0004] For example, the dose-dependent increases in the typically monocyte-derived cytokine IL-1β suggest that CD73 influence extends beyond simple lymphocyte effects shown by increases in interferon γ and tumor necrosis factor α levels. Second, these MLR assays did not require the addition of an exogenous adenosine source as was the case in the lymphocyte suppression assays described in this report. This suggests that the MLR could be used to study the mechanism of anti-CD73 antibody activity *in vitro*, including antibodies such as MEDI9447 that are not expected to signal through target clustering of CD73 due to their reduced ability to engage Fcγ receptors. Thirdly, combination effects observed *in vivo* by targeting both the PD-1 and CD73 axes were reflected in the MLR. Finally, the MLR represents a functional assay using primary human blood cells and yielding immunologically relevant readouts from both myeloid and lymphoid compartments that does not require extensive cell subset purification and separation. Thus, it offers an opportunity for relatively high throughput, multiplexed screening of compounds that influence CD73 and other adenosine-linked immunological signaling pathways such T cell checkpoint inhibitors. Furthermore, PBMCs from numerous healthy and cancer patient donors can be surveyed for profiles correlating with drug "responder" and "non-responder" populations.

Data presented in this report complement those of related studies. MEDI9447 inhibition of CD73 enzyme activity in a cell surface format assay was consistent with data reported earlier using purified recombinant CD73. [@cit0028] Relief from AMP-mediated suppression of T-cell proliferation *in vitro* by MEDI9447 was similar to that reported by Jin and co-workers [@cit0029] using ovarian cancer cell line-derived CD73 and either adenosine receptor inhibitor SCH58261 or CD73 antagonist α,β-methylene-ADP. Similar to the MC38OVA model described by Allard *et al*.,[@cit0020] CT26 mouse colorectal carcinoma cells express very low levels of surface CD73. Therefore, MEDI9447 effects in the CT26 model emphasize the role of non-tumoral sources of CD73, such as stromal or infiltrating immune cells in suppressing antitumor immunity. Specifically, the role of B cell CD73 was not examined in these studies although it is reasonable to expect CD73 from B cells to influence antitumor immunity. [@cit0002] The demonstrated reduction in cells with an MDSC phenotype within CT26 tumors is consistent with studies indicating CD73 involvement with granulocytic MDSCs. [@cit0031] These changes as well as the observed increase in MHC class II-expressing infiltrating monocytes are important in the light of other studies showing that extracellular adenosine promotes a "permissive" tumor microenvironment. [@cit0032] Conversely, the MEDI9447-mediated CT26 tumor-infiltration by CD8^+^ lymphocytes shown here compares with reports showing enhanced infiltration of solid tumors by functional cytotoxic T cells following CD73 knockdown or adenosine receptor inhibition. [@cit0012] As such, effects upon leukocyte infiltration described in these experiments support a potential role for CD73 and/or adenosine receptor inhibition in successful adoptive cell therapy. [@cit0033] Together, these data suggest a role for CD73 inhibition in both Type I and Type IV tumors as classified by Teng *et al.* [@cit0034]

Data reported here are the first to functionally characterize an antibody targeting both human and murine CD73. As such, they offer an opportunity to demonstrate antitumor activity in mouse models as well as their relevant correlates in human primary cancer and immune cells. For example, potentially confounding variables are avoided by using the identical variable regions in both mouse and human model systems. For example, the TY23 rat anti-mouse CD73 antibody has been studied widely in murine xenografts and syngeneic models. As a rat IgG2, the contribution of murine Fcγ receptor engagement by TY23 influences conclusions about antitumor efficacy with this antibody. In studies described here, the use of MEDI9447 human variable domains with the relatively low Fcγ binding capacity of a wild-type mouse IgG1 Fc domain focuses conclusions upon the direct reduction of CD73 enzyme activity rather than upon Fcγ receptor engagement and subsequent target clustering. Differences between epitopes bound by tool antibodies such as mouse-cross-reactive TY23 and human cross-reactive 1E9 [@cit0035] or 4G4 [@cit0036] antibodies raise questions when comparing studies targeting mouse and human CD73, respectively. Even when comparing two human-specific antibodies, the functional importance of binding different CD73 epitopes has been demonstrated. [@cit0037] By using a single antibody capable of binding both human and mouse CD73, the data reported here link human and mouse tumor biology more closely than previous studies.

Finally, these combination data extend understanding of the relative contributions of the PD1 checkpoint axis and adenosine signaling in suppressing antitumor immunity. The experiments using CT26 syngeneic tumors reported here are consistent with the combination activity reported by Allard et al. [@cit0020] using the MC38OVA and RM-1 models. The current studies build upon various aspects of the previous reports. First, the subcutaneous mouse CT26 syngeneic model system does not make use of the OVA allo-antigen, suggesting that all observed antitumor immunity in these studies arose from endogenous murine or other antigens expressed by non-engineered CT26 cells. The *in vivo* antitumor immunity demonstrated here with MEDI9447 arises from the identical epitope/variable domain shown to modulate human lymphocyte activation, rather than from a tool antibody that does not bind human CD73. These data support the hypothesis that the adenosine axis may serve as an "escape" pathway for T-cell receptor signal inhibition in tumors failing to respond to PD-1 axis inhibitors as suggested by Lloyd. [@cit0038] In summary, the data reported here introduce a novel antibody suitable for the study and promotion of therapeutic antitumor immunity based upon CD73 inhibition. Further studies are needed to dissect the intracellular signaling pathways involved with the PD-1 and adenosine signaling axes in different tumor micro-environmental subsets. Taken together, these data form the preclinical basis for ongoing clinical trials (NCT02503774) using MEDI9447.

Materials and methods {#s0004}
=====================

Cell lines and antibodies {#s0004-0001}
-------------------------

CT26 mouse colorectal carcinoma (CD73low) cells, 4T1 mouse breast carcinoma cells (CD73high), MDA-MB-231 (CD73 high) human breast carcinoma. and NCI-H322 (CD73high) non-small cell lung carcinoma cells were obtained from the American Type Culture Collection (Manassas, VA) and cultured in 10% RPMI (ThermoFisher Scientific, Waltham, MA) medium with penicillin, streptomycin, and 10% fetal bovine serum.

Cell lines were authenticated by testing for cross-species contamination (rat, human, hamster, and monkey) and identity (allele size) using short tandem repeat DNA profiling (IDEXX Bioresearch). Healthy control subjects supplying PBMCs consisted of healthy MedImmune or AstraZeneca employees who were anonymously enrolled in the MedImmune Research Specimen Collection Program. Donors with HIV infection, hepatitis B or C virus, Human T-lymphotropic virus, or syphilis were excluded. Written consent for blood draws was obtained from the donor. All protocols and informed consent forms were approved by Chesapeake Institutional Review Board. MEDI9447 is a human IgG1λ monoclonal antibody isolated from DP47 library [@cit0039] by phage display panning on human and mouse recombinant CD73 protein (Pavlik et al., manuscript in preparation). A heavy chain constant region encodes the TM to reduce IgG effector function. [@cit0040] Mouse anti-human CD73 antibody Phen0203 was discovered at MedImmune and has been described previously. [@cit0014] Antibodies used in flow cytometry included CD45 (BD Biosciences cat\# 561487), CD8^+^ (Biolegend cat\#100747), F4/80 (eBiosciences cat\# 45-4801-82), CD11b (BD Biosciences cat\# 562287, Gr1 (Biolegend cat\# 108422), MHC class II (eBioscience cat\# 11-5980-85), and Ly6g (Biolegend cat\# 127624). For the MLR, the anti-PD1 antibody used was AMP-514 (internally supplied). For experiments with mouse models, a version of MEDI9447 was used in which a mouse IgG1 Fc domain was substituted for the human IgG1 Fc domain (mIgG1 MEDI9447).

Enzyme inhibition assay {#s0004-0002}
-----------------------

CD73 enzyme activity was measured by AMP (substrate) depletion as described previously. The CD73-mediated decrease in AMP within the assay system resulted in relief from AMP-mediated inhibition of ATP catabolism to AMP and organic by phosphate luciferase. Thus, in this system, luciferase activity is directly proportional to CD73 ectonucleotidase activity. [@cit0041] Briefly, CD73-expressing NCI-H322 and 4T1 cells were centrifuged for 5 min at 1,500 × g. The supernatant was removed and replaced with serum-free RPMI medium. The cells were then plated into 96-well plates (Falcon 3788) at 10,000 cells per well in 100 µL of RPMI medium without additives. Antibodies were added in duplicate along with AMP (Sigma, 200-µM final concentration) and plates were incubated at 37°C, 5% CO2 for up to 24 h. Plates were then centrifuged for 3 min at 1,500 rpm. Supernatants were collected into a new 96 well plate (Costar \#3605) and ATP was added to a final concentration of 100 µM. CellTiter-Glo® reagent (Promega, Madison, WI) was added 1:1 and cellular CD73 enzyme AMP phosphorylase activity was determined by measuring ATP levels by luciferase-emitted light using the Envision luminescence plate reader (Perkin Elmer). Buffer containing only ATP and AMP was used as a negative control.

Immunofluorescence internalization assay {#s0004-0003}
----------------------------------------

Human MDA-MB-231 breast carcinoma cells were cultured in RPMI/10%FBS on coverslips. MEDI9447 was used as a primary anti-CD73 antibody and added to a concentration of 10 µg/mL and cells were incubated at 4C or 37°C. Cells were washed, fixed, and permeabilized for 20 min (Cytofix/Cytoperm kit, BD Biosciences), and stained with AlexaFluor488-conjugated donkey anti-human IgG antibody (Jackson Immunoresearch) for 30 min. After washing, coverslips were mounted in Vectashield with DAPI (Vector Laboratories) and visualized using a 10× objective.

Cytotoxicity-based internalization assay {#s0004-0004}
----------------------------------------

Internalization of antibodies into cell lines MDA-MB-231 and 4T1 was measured using the Fab-ZAP saporin conjugate assay. Cells were plated into 96-well plates at 1,000 cells per well in 50-µL RMPI medium supplemented with 10% FBS and incubated overnight at 37°C, 5% CO~2~. Serial dilutions of MEDI9447 or an isotype control antibody were pre-incubated for 30 min with 80-nM Fab-ZAP reagent (Fab fragment of a polyclonal anti-human IgG antibody conjugated to the cytotoxic protein saporin; Advanced Targeting Systems) in RPMI/10%FBS and 50 µL of this mixture were added to the cell lines. After 3 d in culture, cell proliferation was measured using the CellTiter-Glo assay (Promega) following the manufacturer\'s instructions.

Lymphocyte stimulation assay {#s0004-0005}
----------------------------

Primary human CD4^+^ T cells were isolated from the content of leukocyte cones according to IRB approved human samples guidelines. Briefly, the content from a leukocyte cone was diluted in PBS, and then layered over Ficoll-Paque Plus and centrifuged at 400 × g for 40 min with brakes turned off. PBMCs were then isolated from the interface and washed with PBS by centrifugation at 200 × g for 10 min. Supernatant was discarded and cells were suspended in PBS. Viable cells were determined, and then pelleted at 350×g for 5 min and suspended in Robosep buffer at a concentration of 5 × 10^7^ per mL. CD4^+^ T cells were isolated from PBMCs by negative selection using the EasySep™ human CD4^+^ T-cell enrichment kit (StemCell, Vancouver, British Columbia, Canada). Isolated CD4^+^ cells were labeled with 3 µM of CFSE probe using the CellTrace CFSE cell proliferation kit at a cell density of 1 × 10^6^ cells per mL in PBS containing 0.1% BSA with an incubation period of 15 min at 37°C. Cells were washed twice with warm X-Vivo 15 media and suspended at 5 × 10^5^ cells per mL in the same media supplemented with 60 IU/mL of recombinant human IL-2 (Roche Diagnostics Ltd., Burgess Hill, UK). Dynabeads Human T-Activator CD3/CD28 (Life Technologies, Paisley, UK) reagent was added to cell suspension at 1:1 bead-to-cell ratio and incubated for 1 h at 37°C.

Thereafter, 100 µL of pre-activated CD4^+^ (approximately 50,000) and bead mixture were added to wells of sterile round-bottom 96-well plates. Serial dilutions of the MEDI9447 and the R347 isotype control antibody were performed in X-Vivo 15 media. To the cells in the plate, 50 µL of diluted reagents were added followed by 50 µL of X Vivo 15 containing 400 µM or 800 µM of AMP. Cells in the assay were gently pelleted by centrifugation at 100×g for 2 min and placed in a 37°C humidified tissue culture incubator with 5% CO~2~ for 72 h. After 72 h of incubation, cells were pelleted by centrifugation at 380 g for 4 min, washed once with 100 µL of FACS buffer (2% fetal bovine serum in PBS) and finally suspended in 100 µL of PBS containing 3.7% of formaldehyde for flow cytometry analysis on a BD FACSCanto II. CFSE+ CD4^+^ cells with no AMP well were used to identify cells that have undergone cellular division.

Mixed leukocyte reactions {#s0004-0006}
-------------------------

PBMC were isolated fresh from healthy donors or from frozen healthy leukopak aliquots. For fresh PBMCs, blood from healthy normal donors was collected into 8 mL BD Vacutainer® CPT™ Cell preparation tubes then centrifuged for 25 min at 2,700 × g with no break. PBMCs were collected and then washed three times with AIM-V assay medium (Gibco). Red blood cells were lysed using Red Blood Cell Lysing Buffer (Gibco). PBMCs were prepared from leukopaks (All Cells) by collecting into 1-L bottles and dilution with wash buffer (PBS containing 2% fetal bovine serum). The PBMCs were then isolated by layering over LSM Separation Medium (MP Biomedicals) in 50 mL Sepmate Tubes (Stem Cell Technologies). The tubes were centrifuged at 1,200 × g for 10 min. The cells were collected and then washed by centrifugation three times with wash buffer at 300 × g for 8 min each wash. Red blood cells were lysed using Red Blood Cell Lysing Buffer (Gibco). PBMCs were re-suspended in Cell Freezing Medium (Gibco) and frozen at −80°C.

For the MLR, PBMCs were re-suspended in assay medium. PBMCs from two donors were mixed together 1:1 in AIM-V assay medium and plated into 96-well U-bottom plates (Costar) at a density of 200,000 cells per well per donor in 100 µL. MEDI9447 and an isotype control antibody were diluted in serum-free AIM-V medium and then added to the cells for 72--96 h. Brightfield images of the plates were taken daily at 2.5× magnification using the Cellomics ArrayScan instrument (Thermo Fischer). Plates were then centrifuged at 1,200×g for 3 min. Supernatant was harvested and then assayed for cytokine secretion using the human TH1/TH2 multiplex ELISA (Meso Scale Discovery) according to the manufacturer\'s instructions.

Syngeneic tumor model growth inhibition experiments {#s0005}
===================================================

Syngeneic tumors were established by subcutaneous injection of 5 × 10^5^ CT26 cells suspended in 0.1 mL of PBS into the right flanks of 4-to-6-week-old female Balb/C mice. Animals were randomized into groups based on body weight. Ten mice per group were used in these studies. For anti-PD-1 dosing, clone RMP1-14 was used (BioXcell, West Lebanon, NH). Antibodies were dosed via intraperitoneal injection at 10 or 20 mg per kg as indicated in the figure legends. Tumor volume was calculated based on the following formula:

All procedures were run in accordance with the Guide for the Care and Use of Laboratory Animals [@cit0042] and institutional standards in our AAALAC accredited facility and were approved by MedImmune\'s Institutional Animal Care and Use Committee.

Tumor isolation for flow cytometry {#s0005-0001}
----------------------------------

Tumors were dissected from CT26 tumor-bearing mice, cut into small pieces, and digested with collagenase. After a 30 min incubation, the digested sample was passed through a 70-micron filter. Dissociated cells were pelleted at 800 ×g for 5 min at 4°C and were re-suspended in fluorescence-activated cell sorting (FACS) buffer. Cells were counted on Vi-Cell using the default setting. 1 × 10^6^ cells were plated per well. Cells were stained with anti-CD45 (to detect all leukocyte) anti-CD11b with anti-GR1 (a phenotype typically classified as a myeloid derived suppressor cells or "MDSC") and anti-Ly6g (granulocytic MDSC). Data were acquired on the LSRII flow cytometer.

Statistics {#s0006}
==========

Significant *p* values were obtained from t-test analysis using Graphpad Prism software for comparisons between tumor volumes, between TIL subpopulations and between secreted cytokine levels in the MLR. For the MLR, paired t-tests were performed for each leukocyte donor pair. Survival fractions were plotted using the Kaplan--Meier method with comparison of survival curves performed using the Log-rank (Mantel-Cox) test in GraphPad Prism.

Supplementary Material
======================

###### KONI_A\_1208875_supplementary_data.zip

Disclosure of potential conflicts of interest
=============================================

C.H., E.S., Q.H., K.M., S.R.F., K.A.M., S.A.M., R.R., J.R., E.P., N.H., N.M.D., C.L., M.D., R.H., R.E.H., and K.F.S. are full-time employees of MedImmune, LLC.

[^1]: Supplemental data for this article can be accessed on the [publisher\'s website](http://dx.doi.org/10.1080/2162402X.2016.1208875).
